The surface of a protein, or a membrane, is spotted with a multitude of proton binding sites, some of which are only few Å apart. When a proton is released from one site, it propagates through the water by a random walk under the bias of the local electrostatic potential determined by the distribution of the charges on the protein. Eventually, the released protons are dispersed in the bulk, but during the first few nanoseconds after the dissociation, the protons can be trapped by encounter with nearby acceptor sites. While the study of this reaction on the surface of a protein suffers from experimental and theoretical difficulties, it can be investigated with simple model compounds like derivatives of fluorescein. In the present study, we evaluate the mechanism of proton transfer reactions that proceed, preferentially, inside the Coulomb cage of the dye molecules. Kinetic analysis of the measured dynamics reveals the role of the dimension of the Coulomb cage on the efficiency of the reaction and how the ordering of the water molecules by the dye affects the kinetic isotope effect.
Introduction
Proton transfer through water is an essential step in electrochemical-biological energy conversion processes. In biological systems, such as in mitochondria or chloroplasts, the protons compensate for the electron transfer reactions by permeating the biomembranes through specific channels that transverse the special enzymes involved in the reactions [1] [2] [3] . The entry of proton to a dedicated channel is preceded by its diffusion, both in bulk and on the surface, until encounter with the channel's orifice takes place. In the present review, we shall evaluate the mechanism that facilitates the migration of the proton towards the orifice of such channels, with emphasis on the molecularity of the reaction.
Proton transfer reactions on surfaces, carried out under physiological conditions, bear some intrinsic kinetic requirements emerging from the discrepancy between the time constants of the enzymatic reaction and the diffusion time of the proton in the bulk; as most enzymic systems operate at pH ∼7, the availability of protons can be the rate-limiting step of the whole process, but for some major systems this is not the case. High turnover proton pumping proteins, such as cytochrome c oxidase [4] [5] [6] , photosynthetic reaction center [7, 8] or bacteriorhodopsin [9] execute proton coupled reaction at rates that exceed the velocity at which a free proton (H 3 O + aq ) can react with the active site. Apparently, these proteins developed efficient proton-collecting antenna systems on their surfaces, utilizing clusters of carboxylates as proton attractor sites and histidine residues (acting as a local proton reservoir) to alleviate the necessity for an encounter between the active site and the free proton (for review see [10] ).
The mechanism of proton transfer common to these systems consists of donor-acceptor pairs, each located at a distance of a few Å from the other, that exchange a proton among themselves through interspaced water molecules. The special features of these systems are the proximity between the sites and the fact that the water molecules interact with the matrix to which the proton binding sites are attached. The distance between the reactants is in the order of their Coulomb Cage radii, and most of the participating water molecules are located within the solute's hydration shell. These factors affect the solvent reorganization energy with a subsequent modulation of the rate constants of the reaction [11] . The mechanism of the reaction was treated using the continuum approximation, where the molecular properties of the water were replaced by general terms like dielectric constant, the activity of the water and the diffusion coefficient of the proton [12] [13] [14] [15] . Theoretical treatment of the system, by quantum mechanical calculations indicated that the energy barrier for proton transfer within a donor-acceptor pair is extremely sensitive to the distance and relative orientation of the reactants [16] [17] [18] [19] [20] [21] .
The kinetics of proton transfer between adjacent sites was extensively investigated using the high time resolution of the excited state proton transfer reactions [22] [23] [24] . These measurements were carried out in the picosecond-femtosecond time range, using the intra-molecular excited state proton transfer as a model system. However, some of these measurements were carried out in aprotic solvent with only few water molecules in the vicinity of the excited molecule [25] [26] [27] .
The excess proton in water has two stable forms, H 9 O 4 + and H 5 O 2 + , that are in rapid equilibrium with each other. In H 9 O 4 + , the proton is tightly bound to a water molecule, which maintains strong hydrogen bonds with three other water molecules. The distance between two oxygen atoms of this structure is only 2.54 Å, significantly shorter than the average O-O distance in water (2.8 Å). This structure is stabilized by its second solvation shell [28, 29] , which shares 30% of the protonic charge. The H 5 O 2 + complex is a proton shared by two water molecules. Each flanking molecule forms four hydrogen bonds, one with the proton and three with the surrounding solvent. The transition between the two configurations is initiated through the random motion of water molecules in the second solvation shell of the charged complexes [30] . Once the solvent assumes a favorable structure, there is a reshuffling of the electronic configuration in the complex, shifting the extra charge of the proton (but not its mass) from one water molecule to the other. During the proton transfer step, there is a shortening of the hydrogen bond length in the first and second solvation shells [30] . This special mechanism acquires the proton (and the hydroxyl anion) with a diffusion coefficient larger than any other ion in aqueous solution [29, [31] [32] [33] [34] . At a molecular level, the rate-limiting step of proton transfer in solution is the organization of the surrounding solvent molecules [30] . This step can be considered as a motion along the solvent coordinate in order to generate a transition state, where the proton can move, in an equi-potential manner, from the donor to the acceptor site. The actual proton transfer within the transition state is almost barrier-less [11, 21] . The reorganization energy of the water molecules in the second solvation shell sets the activation energy of the process to ∼2.5 kcal mol −1 [29] , and the magnitude of the kinetic isotope effect is ∼√2 [33] . Under conditions where the distance between the heavy atoms is extended, the activation energy increases above the reorganization energy and a new regime is established, where the proton transfer is the rate-limiting step [16, 35, 36] , and the Kinetic Isotope Effect of the proton transfer can increase to very high values [37] .
The dynamics of proton transfer between sites on proteins or other molecules can be followed by the use of methods which utilize a laser pulse to synchronize the excitation of photoacid compounds. In the excited state, these compounds redistribute the electrons into molecular orbitals, thus initiating proton translocation events. The experimental observation consists of a continuous follow-up of the fluorescence of the excited molecule, with a picosecond time resolution. Many studies were carried out either in aprotic solvents or when the system was supplemented with a limited number of water molecules that provided the proton transport pathway [23, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . These studies differ from proton transfer reactions between sites located inside a common Coulomb cage on the surface of a well solvated enzyme, a situation common to all proton-pumping proteins that have to pick up a proton from the bulk and deliver it to the orifice of their proton-conducting channel [48] .
Ideally, the best system to study proton transfer at the surface of a macromolecule will be based on a model protein and will couple the measurements with molecular modeling calculations. On the other hand, only a small fraction of the protein's surface participates in the proton transfer reactions. For these reasons, it is better to select a simple experimental system that can be readily investigated by molecular dynamics. In the present review, we shall focus on a simpler system, consisting of a donor-acceptor pair, fixed on a rigid scaffold of a small molecule such as the fluorescein and its derivatives (Scheme 1).
Fluorescein is a commonly used pH indicator that has two proton-binding sites. The familiar proton-binding site of the dye is the oxyanion attached to the xanthene ring. In the present text we shall refer to this section of the dye as the chromophore and mark it by Flu − . Protonation of the oxyanion (pK = 6.6) leads to an instantaneous shift of the absorbance maximum, from 496 nm to 460 nm, with an appreciable decrease in the extinction coefficient. The second proton-binding site of fluorescein is the carboxylate on the benzene ring (marked in the present text as COO − , pK = 5.2). The protonation of the COO − has a delayed effect on the dye's spectrum; once the carboxylate is protonated, the molecule undergoes a slow tautomerization, closing a lactam ring. This form has no absorption in the visible. Yet, as the tautomer formation has a time constant (τ > 10 ms) that is much longer than our observation time (100-300 μs), this reaction is neither observed nor considered in our calculations. Since the pK of the carboxylate is lower than that of the oxyanion, the reaction is practically unidirectional. The distance between the donor and the oxyanion is too large to allow proton transfer without the involvement of water molecules. The passage of the proton from the donor to the acceptor sites can take two pathways. In Scheme 1. The fluorescein molecule and its derivatives. the first one, the proton dissociates from the carboxylate, diffuses to the bulk and re-encounters the acceptor site. This is a typical diffusion controlled reaction. The second type of reaction consists of the same sequence of steps, only that due to the proximity between the sites, the proton migrates through the solvent from the donor to the acceptor, located on the same molecule, without leaving the Coulomb cage. The two pathways differ in some basic features; the former is driven by the entropy of dispersion but the proton has to overcome the potential barrier posed by the Coulomb cage, while the latter is limited in length and consists of very few water molecules connecting between the donor and the acceptor atoms. For this reason, the intra-Coulomb cage reaction will differ by kinetic and thermodynamic parameters from the 'through the bulk' reaction.
Experimental system and kinetic analysis
Proton transfer reactions between the two sites of the fluorescein were measured by the synchronized Laser Induced Proton Pulse (LIPP) technique. The indicator was dissolved in a dilute aqueous solution of pyranine, which is a dye that, upon excitation, lowers its pK and releases a proton within 100 ps. Thus, pulse irradiation of the solution drives a temporary acidbase disequilibrium [49, 50] . The protons released from the excited pyranine react in a diffusion-controlled reaction with the ground state pyranine anion and the fluorescein. The reaction of the proton with the two dyes can be measured at appropriate wavelengths and the dynamics, expressed in molar units, are as presented in Fig. 1 .
The system relaxes to the pre-pulse state by multiple pathways, one of which is proton transfer from the carboxylate to the oxyanion. The whole relaxation dynamics were subjected to a rigorous kinetic analysis, where all reactions are transformed into a set of coupled, non-linear differential rate equations that replicate all chemical processes which took place in the reaction space. The integration of these equations, with the proper rate constants, should reconstruct the observed signal. Thus, in the pyranine-fluorescein system, there are 6 proton transfer reactions:
Reactions (1)- (3) and (5) describe a collisional proton transfer between two freediffusing reactants, and the rate constants are also compatible with the theoretical predictions [51] [52] [53] [54] [55] [56] . Reaction (6) differs from the two other collisional proton transfer reactions, as it represents an intra-Coulomb cage reaction. Thus, the rate constants corresponding to Reactions (1)- (5) are of known kinetic features and can be used as a reference and standard for the interpretation of the rate constant calculated for Reaction (6) .
The kinetic experiments were repeated under varying initial pH and reactants concentrations, and all signals were reconstructed by a single set of parameters. A solution was considered as acceptable when some 10-15 independent measurement were reconstructed by a single set of parameters, each varying within a range of 20% or less.
The activation energy was determined by repeating the measurement at varying temperatures. Yet, as the analysis is aimed for the best reconstruction of the observed signals, the spread of the rate constants from the linear correlation was, in some cases, as large as 50%. The measurements were carried out either in H 2 O (frame A) or in D 2 O (frame B) and the rate constants are listed in Table 1 .
The fluorescein molecule has a radius of ∼6 Å and a diffusion coefficient of ∼1 × 10 −5 cm 2 s −1 , and can bear either one or two negative charges. Proton transfer, as pertinent to Reaction (6), implies an encounter between two fluorescein molecules, one having a charge of −1 (protonated on the carboxylate moiety) and the other two negative charges. The expected rate constant, calculated by the Debye-Smoluchowski equation, is, at a vanishing ionic strength, as slow as k ∼3 × 10 9 M −1 s −1 . This value is smaller by two orders of magnitude than the measured rate constant of ∼2.3 × 10 11 M −1 s −1 , which negates a reaction mechanism based on encounter between two fluorescein molecules. Accordingly, the mechanism must be identified as an intra-Coulomb cage proton transfer, where the proton, released from the benzene's carboxylate, reacts preferentially with the oxyanion without leaving the perimeter of the Coulomb cage. It should be stressed that, for algebraic convenience, the units of the intra-Coulomb cage reaction appear as a second order reaction. The interpretation of the reaction mechanism, which is much more complex, is the subject of the present review.
The sensitivity of the calculated dynamics to the rate constant of the intra-molecular reaction is demonstrated in Fig. 2 , which emphasizes the dynamics during the first 25 μs of the reaction, i.e., the time frame where the intra-molecular reaction dominates. It can be clearly seen that the magnitude of the intra-molecular proton transfer reaction, which fits best for the experimental curve, has a rate constant of ∼1.3 × 10 11 M −1 s −1 . This value is ∼50 times larger than the expected rate of encounter between two fluorescein molecules in the solution. The rest of this study will be focused on the intra-molecular proton transfer reaction, and will evaluate its mechanism.
2. The effect of solvent on the intra-Coulomb cage proton transfer
Kinetic isotope effect
The kinetic measurements were repeated with D 2 O as the solvent and the results are presented in Figs. 1B and 2B) . The difference in the dynamics, as recorded in the two solvents, is readily detected by visual inspection of the figures. The results of the kinetic analysis are presented in Table 1 , column 3. The rate constants determined for the diffusion-controlled reactions between free proton and acceptor molecules were lower in D 2 O, by a factor of KIE ∼√2, with respect to the values determined in water (rows 1-4 in Table 1 ). In contrast with these rate constants, the value assigned to the intra-molecular reaction in D 2 O was ∼50 smaller than in water, which is a tremendously large kinetic isotope effect. Fig. 2 is an expansion of the protonation dynamics of the chromophore during the first 25 μs. Each frame depicts the experimental signal, in water or in D 2 O (frames A and B, respectively) together with some simulations lines. One curve in each frame is superpositioned over the experimental data, while the other two were calculated with varying rate constants assigned to the intra-Coulomb cage reaction. The deviations of the calculated curves from the dada are self evident. It must be stressed that, while a small deviation of the reconstructed curve from the measured one can be corrected by modulation of other rate constants, the deviations presented in Fig. 2 (frame A vs. B) are too large to be corrected by any combination of all other rate constants. For this reason, the reduced rate constant for the intra-molecular reaction, as measured in D 2 O, is a true presentation of the reaction pathway.
The effect of salt on the proton transfer
The passage of proton between the two proton binding sites on the fluorescein molecule is very sensitive to the Table 1 The rate constants of proton transfer as measured for the pyranine fluorescein system in water, in D 2 O and in 100 mM NaCl, all at 25°C
.2 ± 0.14 × 10 ionic screening. Repetition of the measurements in the presence of 100 mM screening electrolyte (NaCl, KCl and CsCl) yielded a consistent set of rate constants, which are presented in column 5 of Table 1 . The addition of a screening electrolyte modified the rate of the diffusioncontrolled reactions in accordance with the Debye-Smoluchowski equation, slowing the reactions between attractive reactants by ∼35% (rows 1, 2 and 3) and doubling the rate of reactions between repulsive reactants (row 4). The intramolecular proton transfer process was much more sensitive to the ionic screening effect, which reduced the rate constant by a factor of ∼4. However, the rate constant of the intramolecular reaction is still faster by a factor of ∼10 than the upper limit of the Debye-Smoluchowski equation in a fully screened electrolyte solution.
The activation energy of the proton transfer reactions
The interpretation of the high kinetic isotope effect measured for the intra-molecular proton transfer necessitated measurement of the activation energy of the pathway. The proton transfer kinetics, as presented in Fig. 1 , were repeatedly measured within a temperature range of 10°C to 40°C. The signals were analyzed and the calculated activation energies are tabulated in Table 1 , column 6. The activation energies that were measured for the diffusion-controlled reactions (k 1 , k 3 , k 5 ) have values compatible with the variation of the water's viscosity with temperature (E a = 3-4 kcal mol −1 ) or of the proton's limiting equivalent conductivity (2.2 kcal mol −1 ) [57] . In contrast, the activation energy for the intra-molecular process is significantly larger (11 kcal mol −1 ). Thus, the mechanism that controls the intra-molecular process exhibits a large kinetic isotope effect and also large activation energy.
Measuring the activation energy in D 2 O is experimentally impractical. In D 2 O, the rate constant of the intra-molecular reaction is already comparable with the diffusion-controlled limit of the Debye-Smoluchowski equation, which renders it to be practically undetectable. Thus, repetition of the dynamics in D 2 O at varying temperatures yielded values that were too small and too erratic to have any mechanistic significance.
Intra-Coulomb cage proton transfer reaction
The encounter of a free proton diffusing in the bulk with a target is a second order reaction with rate constant given by the Debye-Smoluchowski equation. This expression combined the diffusion coefficient of the reactants and their radius of reaction, to generate the encounter probability. In the case that there is an electrostatic attraction (or repulsion) between the reactants, the equation is corrected for the force by replacing the radius of reaction by the radius of the Coulomb cage [51] . Once we consider a reaction between sites that located within the Coulomb cage of a macro-molecule, like a donor-acceptor pair on the surface of a protein or a membrane, the formulation of the encounter must be changed. This topic is discussed in the following section. (6), demonstrating the effect of the rate constant of Reaction (6) on the dynamics. The ordinate denotes, in micromolar units, the amount of protonated fluorescein. The traces correspond with the experimental data presented in Fig. 1 , as measured at a higher time resolution. Frame A: The reaction was carried out in water, pH = 7.1, 20.8°C. The three curves were reconstructed with the rate constants for Reactions (1)-(5) as given in Table 1 
Measurements of the intra-molecular proton transfer in fluorescein's derivatives
The charged residues on the surface of a protein can be as close as the donor-acceptor pair on the fluorescein molecule. Considering the inherent complexity of evaluation of proton transfer at the surface of the protein, we can use the simple small molecule as a model for evaluating the 'rules of the game' as they operate on larger systems. The derivatives that were studied (5-Di-carboxy Fluorescein, 6-Di-carboxy Fluorescein and Rhodol green) allow evaluation of the effect of proximity on a proton transfer between nearby carboxylates, between carboxylate and a basic (amine) residue and how the shape and intensity of the Coulomb cage affect the observed dynamics. The protonation dynamics of the various proton binding sites of the fluorescein derivatives revealed that the reaction between the free proton and the site were consistent with the prediction made by the Debye-Smoluchowski equation; the reactions which were second order diffusion controlled, were modulated by screening electrolyte in accord with the Debye term of the equation, and their kinetic isotope effects were close to the expected value of ∼√2 [58] .
In contrast with the 'conservative' kinetic and thermodynamic characteristics of the diffusion-controlled reactions, the intra-Coulomb cage proton transfer exhibited large Kinetic Isotope Effect and sensitivity to the presence of screening electrolyte, as demonstrated in Table 2 . The variations of these values between the compounds suggest that the local environment controls the efficiency of the mechanism.
Proton transfer under the Coulomb cage umbrella
The electrostatic potential around the fluorescein molecule, as calculated at a in pure water or in the presence of 100 mM NaCl, is presented in Fig. 3 frames A and B, respectively. Fig. 4 depicts the electrostatic fields as calculated for the Rhodol green and Fig. 5 depicts the electrostatic field of the di-carboxy fluorescein in the presence of 100 mM NaCl.
The electrostatic potential surrounding the fluorescein dianion is almost spheric, expanding some 14 Å from the surface of the molecule (Fig. 3) . If a proton is released from the carboxylate residue, it will diffuse against the electrostatic gradient, out of the Coulomb cage, a process which takes some 600 ps [59] . Within this time frame, the proton has ample opportunities to travel within the Coulomb cage, adhering to the space close to the parent molecule, and a high probability to encounter the oxyanion moiety. The analysis of the dynamics as carried out in pure water indicates that ∼50% of released protons will encounter and react with the oxyanion before escaping out of the Coulomb cage. Once the cage is collapsed by the screening electrolyte (see Fig. 3B ), the trajectory of the proton is exposed to the bulk and there is no preference to remain close to the parent molecule. Still, the short distance between the donor and the acceptor sites enhances the probability of the proton to react with the oxyanion rather than to be lost to the bulk. Consequently, the efficiency of the reaction is reduced to ∼30%.
Rhodol green differs from the fluorescein by having its two negative sites located on the benzene ring while the proton acceptor site, the amine moiety, is uncharged. As a result, the rates at which the carboxylates and the chromophore react with free proton are not equal. Once a free proton reacts with the outer perimeter of the Coulomb cage, it reacts preferentially with the carboxylate moieties (k = 6.7 × 10 10 M −1 s −1 , compare to k = 1.2 × 10 10 M −1 s −1 for the protonation of the chromophore). Yet, whenever a proton is released from one of the carboxylates, it is well embedded (Fig. 4A) within the Coulomb cage and the probability of reacting with the amine residue is high, similar to the same reaction in fluorescein. In the presence of screening electrolyte the Coulomb cage shrinks, exposing the nitrogen atom to the bulk (Fig. 4A) . A proton released from the carboxylate not only diffuses out of the Coulomb cage, but it also has to react with a positive site (Fig. 4B ) and the efficiency of reaction is reduced to ∼5% with respect to that recorded in pure water. The reaction between the proton binding sites of the Rhodol green (a proton transfer from the carboxylate to a nitrogen base) is reminiscent of the passage of proton between carboxylate and histidine moieties near the proton entry sites of the reaction center or Cytochrome Oxidase [60] .
In the case of the two di-carboxy-fluorescein derivatives, the Coulomb cage calculated in 100 mM NaCl (Fig. 5) remains sufficiently large, so that the proton can still linger inside the cage with high probability of reacting with the oxyanion site. In the presence of salt, the efficiency of the intra-Coulomb cage is reduced, yet the rate is still high. The proton transfer, as recorded for the di-carboxylate fluorescein derivatives, is reminiscent of the proton transfer between the carboxylates making the proton collecting antenna on the cytoplasmic surface Bacteriorhodopsin [9, 55] .
Modeling of connectivity between the carboxylate and the oxyanion
The high activation energy and the large Kinetic Isotope Effect values assigned to the intra-molecular proton transfer are characteristic of proton transfer through a hydrogen bond that is slightly stretched beyond its equilibrium length [36, 37] . Table 2 The solvent effect on the intra-Coulombic rate constant, determined by kinetic analysis of signals recorded at varying pH values
Compound
Rate constant KIE Water 100 mM NaCl The second and third columns denote the rate constant for the proton transfer from the carboxylate to the chromophore as measured in water and in 100 mM NaCl. The column at the right denotes the KIE for the proton transfer reaction from the carboxylate to the chromophore. The data are taken from [58] .
Thus, the high Kinetic Isotope Effect and the activation energy, as determined for the intra-Coulomb cage reaction, may reflect some ordering of the water molecules by the fluorescein molecule. For this purpose, a search was carried out for hydrogen-bonded water molecules that may serve as pathways through which the proton can propagate from the carboxylate to the oxyanion. Molecular dynamics simulations of fluorescein molecule in aqueous environment were carried out, using the Density Functional Theory (DFT) and the TIP3T model for water (for details see [61] ), in order to analyze the dynamical interactions between the molecule and the surrounding solvent. The protonated carboxyl moiety of the fluorescein was hydrogen-bonded with water for 95% of the simulation time, with an average of 5 hydrogen-bonds. The acceptor oxygen atoms, attached to the xanthene rings, were permanently hydrogen-bonded with the water, averaging 4 hydrogen bonds. The hydrogen bonds between the dye and the water had a lifetime that was ∼2 times longer (5.80 ps and 5.13 ps for the carboxylate and the chromophore, respectively) than the average hydrogen bond between water molecules in the bulk (2.94 ps). As seen in Fig. 6 , the two solvated residues are interconnected by a hydrogen bonded system with a variable length, from two water molecules up to seven. On average, 4-5 water molecules sufficed to establish the connectivity between the donor and acceptor sites. The hydrogen bond system connecting the donor with the acceptor is very dynamic as exemplified in Fig. 6B , which depicts 10 superposition trajectories. Examination of this figure indicates that the connectivity is not a unique configuration of water molecules. We can regard the connection as an assembly of water molecules that provide a hydrogen bond network between the two sites, where the length of the O-O distance and the number of molecules needed for the connection is varying.
The analysis of the connecting trajectory with respect to the O-O distance along the chain is presented in Fig. 7 . When the interconnecting chain is defined only when the O-O distance is 2.8 Å, the connection necessitates as many as 12 water molecules and the probability of finding such a trajectory is as low as 1.9%. At a maximal O-O separation of 3.0 Å, there is a sharp drop in the number of water molecules that assemble the connecting pathway, as well an increase in the probability of connectivity between the sites. The presence of multiple proton conducting pathways that coexists in time implies that the selection of the path is a probabilistic problem, and the 'decision' is a reflection of the thermal structural fluctuation of the water molecules. The conducting path is the one whose momentary structure requires minimal reorganization energy [62, 63] .
Interpretation of the activation energy and the kinetic isotope effect
The order imposed by the fluorescein on the inner solvation layer may account for the special features of the intra-molecular proton transfer reactions. Proton transfer between two water molecules is regulated by the motion of the water molecules in the whole surrounding of the solvated proton; the hydrogen bonds in the second and third layer are rearranged, destabilizing bonds are broken and stabilizing ones are formed. During the passage of the protonic charge, the hydrogen bonds are temporarily constricted [30] . The local rearrangements of the water are hampered by the structure imposed by the negative charges of the anion. The negative charge forces the proton transfer to take place in a more rigid environment, where the O-O distances are larger than 2.4 Å. As a result, both the activation energy and the Kinetic Isotope Effect increase. Scheiner and coworkers [16, 36] investigated the effect of the inter-atomic distance on the activation energy and the kinetic isotope effects of proton transfer. These quantum mechanical calculations show that the energy barrier for proton transfer increases with the distance between the oxygen atoms of the water, reaching a value of 15-20 kcal mol −1 at a separation of ∼2.8 Å [16, 36] . Furthermore, under these conditions, the proton transfer operates both by a classical mechanism (transition state theory) and by tunneling, thus leading to a very high kinetic isotope effect [37] . In bulk water, the length of the hydrogen bond in the Eigen or Zundel structures is in the order of 2.4 Å and the measured activation energy represents the reorganization of the solvent [30] . However, when the water molecules are held by the ordering forces of the charged scaffolding, the reaction operates under a different regime, where the concerted motion of the water molecule, as required to facilitate the proton transfer, is restricted. Thus, the rate-limiting step is shifted from the organization of the solvent to the passage of the proton, with subsequent enhancement of activation energy and Kinetic Isotope Effect.
The fitting of the kinetic model to time and space dimensions of the observation
The kinetic model used to account for a chemical reaction is a function of the spatio-temporal dimension of the reaction space. Generally, the emphasis is on reconstruction of the rate limiting step, which varies with the dimension of the reaction space and with the time resolution of the observation. On examination of the encounter between a proton and a base dispersed in a dilute solution, the detailed mechanism of the reactants' propagation through the solvent is represented by the diffusion coefficient and the dynamics are described by the Debye-Smoluchowski equation. This description accurately reproduces the encounter of the proton and the outer perimeter of the Coulomb cage, assuming that the events that follow, those taking place inside the Coulomb cage, are much faster than the encounter with the Coulomb cage. The intra-Coulomb cage dynamics are in the nanosecond time frame, much faster than the microsecond dynamics of the diffusion controlled reactions [10] .
Once the proton is inside the Coulomb cage, the modeling of the kinetic necessitates a stochastic treatment. Considering that a solvated proton, either H 3 O + or H 5 O 2 + is some 3-5 Å long, the probability of the proton to react with the base in the cage is a function of its location with respect to the target. Accordingly, the dynamics are expressed by the timedependant Debye-Smoluchowski equation, and are conveniently represented by the Geminate Recombination formalism of Agmon [64] . This presentation retains the simplicity of describing the proton as a point charge and the water as a continuum. However, the propagation of the proton is affected by the local forces that vary with respect to the acceptor site, and with the temporal probability density of a proton at a given location with respect to the acceptor. As a result, the timedependant Debye-Smoluchowski dynamics are generated by the mathematical integration of the probabilities over time and space. Originally, the formalism was designed to reconstruct the escape of a proton from the Coulomb cage, matching the experimental observations of the dissociation of an excited Fig. 4 . The electrostatic potential of Rhodol green as a di-anion. The red colored space shows where the negative potential is equal, or higher, than k B T/e. The blue colored space shows where the positive potential is equal, or higher, than k B T/e. Frame A: the electrostatic potential in pure water. Frame B: the electrostatic potential was calculated for a 100-mM ionic strength solution. The figure was created by use of the computer program VMD [70] . pyranine molecule in dilute aqueous solution [65] . However, the same formalism was found suitable for reconstruction of a much more complex environment, like the inter-bilayer space of multilamellar phospholipids vesicles [14] , inner space of reversed micelles [66] or the aqueous phase in Large Pore Channels [67] .
The proton transfer between close sites, even when located inside a common Coulomb cage, can be simulated by the Geminate Recombination as long as the water remains a featureless matrix [52] . Yet, at a given resolution, the water cannot be treated as a continuum, and the properties of the reacting molecules must be introduced. This limitation is met when the solvation of the proton and the other reactants must be considered, such as modeling of the proton transfer reactions inside an active site [68] , inside the Bacteriorhodopsin [69] and the intra-Coulomb cage proton transfer reactions described above. Under these conditions, the system can no longer be treated as a continuum, and strict reference to the water molecules must be made through quantum mechanical formalism. Apparently, as the modeling of the proton transfer reactions cannot be based on a single model, it must account for the precise experimental conditions and the dimension of the reaction space.
The proton transfer reactions encountered by the biologist/ biophysicist span many orders of magnitude, from the homeostasis and maintenance of acid base balance in the organism down to the molecular mechanism of proton translocation through membranal proteins. At each level of molecular presentation, the participants are the same, yet the modeling of the reaction should fit the resolution of the observation. The judicious selection of the model and its adaptation to the complexity of the studied process will facilitate future progress in the field. Fig. 6 . The array of water molecules that are at a hydrogen bond distance and form a possible proton conducting pathway between the protonated state of the carboxylate (donor) on the benzene ring of fluorescein and the proton acceptor oxygen atoms on the xanthene ring. Frame A depicts the shortest trajectories as found for two configurations, while in Frame B, 10 trajectories are superpositioned. Frame B also exhibits the structural fluctuations of the dye's structure. The figure was created by use of the computer program VMD [70] . 
